The estimated equilibrium pressures of N 2 over solid GaN are very high, e.g., approximately 1500 bar at 1500 K and 25 000 bar at 2000 K. [1] [2] [3] Based on the equilibrium thermodynamic analysis, efforts at bulk synthesis of GaN have been directed at high pressures, and successful synthesis has been achieved. 1, 2 However, because of the high pressures, the process is difficult to implement. A subatmospheric pressure process would be highly desirable.
In this letter we describe the synthesis of thick films of polycrystalline GaN of bulk dimensions by direct reaction of atomic nitrogen with liquid Ga. The synthesis takes place at pressures far below the equilibrium N 2 pressures predicted by thermodynamics and is accomplished without the presence of a substrate.
Cleaning of the Ga and synthesis of GaN were achieved by directing plasmas from an electron cyclotron resonance microwave source Wavemat model MPDR 610 onto a liquid pool of Ga. The gallium was held in a pyrolytic boron nitride crucible 6 mm diam and 4 mm high independently heated to 1100°C. The electron cyclotron resonance ECR source was mounted directly above the crucible. With 200 W of microwave power an ion flux density of approximately 10 16 cm 2 s 1 was obtained. The reaction chamber was initially evacuated to 10 9 Torr. The gallium was then heated at 600°C and 10
7 Torr for 45 min to desorb dissolved gas. An argon beam plasma was then employed for 10 min followed by a hydrogen plasma for 30 min to remove gallium oxide and other impurities from the surface of the gallium. The hydrogen flow to the ECR source was then replaced by 10 sccm of nitrogen and the temperature raised slowly to approximately 1000°C. During this step, the chamber was evacuated with a turbopump and the pressure controlled at 0.5 mTorr by controlling the nitrogen flow rate. After about 15 min, at a temperature of approximately 700°C, the reflectivity of the gallium liquid changed. The surface became rougher and lost the specular appearance of metallic gallium, indicating formation of a crust of polycrystalline gallium nitride. The nitrogen plasma was maintained for 12 h at the final temperature of 1000°C. After removal from the chamber, the sample was etched with a mixture of hydrofluoric and nitric acid to remove the excess gallium.
A polycrystalline GaN ''dome'' completely covered the liquid gallium at the end of a run. This dome was approximately 0.1 mm thick, weighed 40 mg, and had an upper surface area of 70 mm . However, the growth rate was significantly greater before the gallium was totally covered with solid GaN.
X-ray and electron diffraction confirmed the solid sample was wurtzitic GaN. In one sample a small region of cubic zinc blend GaN was observed by electron diffraction. Energy dispersive x-ray analysis performed with both TEM and scanning electron microscopy SEM showed only the presence of gallium and nitrogen in equal amounts within the instrumental error of 5%.
A scanning electron micrograph of a portion of the concave surface of a polycrystalline dome is shown in Fig. 1 . A dendritic morphology, typical of uncontrolled freezing from a supersaturated solution, is seen. In Fig. 2 , a scanning electron micrograph of a portion of the convex surface of a dome is shown. Thin platelets of GaN aligned normal to the surface of the dome are evident. X-ray diffraction from this region indicated a strong 1120 texturing.
Transmission electron micrographs are shown in Fig. 3  and 4 . A small hexagonal platelet is visible in the center of Fig. 3 . The insert is the electron diffraction pattern of a similar crystal tilted to the 1120 zone axis. Streaks along the 0001 direction, indicate the presence of planar defects. Diffraction from the 1100, 0001, and 1010 planes matched well with w-GaN. Dark bands in the micrograph Fig. 4 are believed to arise from stacking faults and microtwins. Dislocations were not imaged.
Steady state luminescence spectra, taken at 300 and 10 K, of the convex surface of a GaN dome are shown in Fig. 5 . The excitation source was the 325 nm line of a HeCd laser, with 0.5 mW power focused to a 50 m diam spot. The detector was a photon counting photomultiplier tube with a a Author to whom correspondence should be addressed. 0.8 m double monochrometer, with spectral resolution of 0.4 nm, approximately 4 meV at a photon energy of 3 eV. The sample was mounted with colloidal graphite on the copper block tail of a liquid-helium-cooled cold finger dewar. Care was taken to avoid artifacts arising from the copper block or the graphite.
The spectra in Fig. 5 show the characteristic broad ''yellow band'' luminescence, peaking near 2.2 eV, and multipeak near-band-edge luminescence. The scale of the abscissa is expanded in the inset of Fig. 5 , which shows the nearband-edge peaks more clearly for the 10 K spectrum. The shoulder in the luminescence spectrum at approximately 3.47 eV may be the A exciton 4 or the exciton bound to a neutral donor. 5 A peak at 3.42 eV is, as yet, not firmly identified. 6 Peaks at 3.38 and 3.28 eV are in the energy range for impurity bound excitons and donor-acceptor pair recombination, as well as for the first and second LO phonon replicas of the free or neutral donor bound exciton.
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Between 10 and 300 K, the near-band-edge luminescence decreased by a factor of about 75, and the yellow band by a factor of 2. The integrated intensity decreased by a factor of about 7.5 over the same range, a rather weak temperature dependence in the presence of grain boundaries in such high density. However, samples with poorly defined faceting showed little or no luminescence.
Depolarized Raman spectra were taken in backscattering geometry, with spot size of approximately 1 m. Raman lines for low and high E 2 144 and 568 cm A comparison of the high pressure and low pressure processes is instructive. In the high pressure process, sufficiently high N 2 pressure is used so that the following reaction is thermodynamically favored.
In the plasma-based process, a sufficient partial pressure of N and N is produced so the following reaction is favored. Our results indicate that recombination of N to form N 2 is sufficiently slow at the reaction conditions to permit the formation of GaN from N by reaction 2. This is somewhat surprising because one would expect the Ga and GaN surfaces to catalyze recombination of atomic nitrogen, which is strongly favored thermodynamically. The difference in required pressures of N 2 and N in order to achieve equilibrium of reactions 1 and 2 is extreme: at 2000 K, for example, the equilibrium N 2 and N partial pressures are approximately 2.510 4 and 1.510 7 bar, respectively. The large difference in required pressures is caused by the extreme stability of N 2 . The N partial pressure is easily reached in the low pressure plasma environment used in our experiments.
In the present process the formation of a solid GaN shell on the liquid Ga appears to be similar to that reported for GaN grown at high pressure from N 2 . In the high pressure experiments small single crystals of GaN were obtained at 1600°C and 10 kbars. 2 These single crystals most probably grew at the interface between the polycrystalline crust and liquid Ga. 3 Similar results can be expected from the low pressure method with controlled directional freezing and higher melt temperatures.
National Science Foundation support is gratefully acknowledged. FIG. 5 . Steady state luminescence spectra taken at temperatures of a 10 K and b 300 K. Note the factor of 10 difference in scale for the two spectra. The insert shows the near-band-edge luminescence at 10 K in more detail. Dotted lines indicate peak positions at 3.28, 3.38, 3.42, and 3.47 eV See text.
